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Abstract 
A power assist robot reduces the perceived weights of objects lifted with it. However, the relationships between actual and perceived 
weights have not been estimated yet that result in inappropriate force programming, improper interactions between robots and human 
users in terms of safety, maneuverability, motion etc. In this paper, we present the development of a power assist robot system for lifting 
objects. We estimated relationships between actual and perceived weights for the objects lifted with the system by comparing the 
perceived weights of the power-assist-lifted objects to some reference weights following psychophysics. The results showed that the 
perceived weights were 40% of the actual weights. However, the power-assist-lifted objects were constrained objects as they were tied to 
the force sensor and the objects for reference weights were unconstrained objects, which might affect the accuracy and reliability of the 
relationships. This is why, we conducted another experiment where we made two objects with identical appearance. One was lifted by 
humans in constrained condition, and another was lifted in unconstrained condition, and weight perception between the two conditions 
was compared. The results showed that weight perception for constrained lifting was not much different from that for unconstrained 
lifting. Results of this experiment validated the psychophysical relationships between actual and perceived weights for the power-assist-
lifted objects, and also confirmed the accuracy of the relationships. Finally, we proposed to use the findings to develop power assist robots 
for manipulating heavy objects in industries that would improve interactions between robots and their users.  
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Nomenclature 
fh           load force applied by human subject 
m                actual mass of power-assist-lifted object visually perceived by human subject 
m1         mass parameter of the inertial force component of the load force  
m2              mass parameter of the gravitational force component of the load force 
xd          desired displacement of the power-assist-lifted object 
g           acceleration of gravity 
1. Introduction 
       A power assist robot system (PARS) reduces the perceived weights of objects lifted with it [1]. Hence, the manipulative 
forces (load force- vertical lifting force tangential to grip surfaces, grip force-manipulative force perpendicular to grip 
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surfaces) required to lift an object with a power assist robot should be lower than that required to lift the object manually 
[2]. However, the limitations with conventional power assist robots are that the human operator cannot correctly perceive 
the weight of the object before lifting it with the power assist robot and eventually applies excessive manipulative forces 
that result in sudden increase in object acceleration, lack of stability and manoeuvrability of the system, fearfulness of the 
operator, injuries, fatal accidents etc. We assume that this phenomenon happens because the conventional power-assist 
controls do not consider weight perception and force programming features i.e., the relationships between the actual and 
perceived weights are not estimated and considered when the control systems are designed and implemented. 
      Again, the power assist robots are currently used mainly for sick, disabled and old people as rehabilitation supports [3]-
[4]. A few power assist robots are also available for other purposes such as assist for workers in agricultural jobs, assist for 
lifting baby carriage, assist for automobiles, assist in manufacturing, assist-control system for bicycle, assisted door systems 
for automobiles, assist system for sports training etc.[5]-[11].  
       We think that carrying heavy objects, which is important and common in most industries may be another potential 
application of the power assist robots. Manual handling of heavy objects is very tedious, causes disorders and injuries in 
humans such as back pain [12], and on the other hand, autonomous systems do not produce required flexibility [13]. Hence, 
we think that suitable power assist robots may be the most appropriate for handling heavy objects in industries such as 
forestry, mining, construction, manufacturing and assembly, transport, military operations, meat processing, disaster and 
rescue operations etc. However, such power assist robots are not seen in practices because their design and development 
have not received much priority and importance yet. A few power assist robots are proposed for manipulating objects [14]-
[19]. However, these robotic systems are not suitable for lifting heavy objects in industries due to their unsatisfactory safety, 
naturalness, stability, ease of use, user-friendliness as weight perception has not been included in their controls.  
      Hence, objective of this paper was to experimentally estimate psychophysical relationships between actual and 
perceived weights for objects lifted with a power assist robot and to suggest using the relationships to design the control of 
the robot to achieve desired performances in terms of safety, maneuverability, robot-user interactions etc. We developed a 
1-DOF power assist robot system for lifting objects, and estimated relationships between actual and perceived weights for 
the objects lifted with the system  by comparing the perceived weights of the power-assist-lifted objects  to some reference-
weights following psychophysics. The results showed that the perceived weights were 40% of the actual weights. However, 
the objects lifted with the assist system were constrained objects because the objects were tied to the force sensor of the 
power assist system. As the objects were constrained, they could be moved only along the vertical direction. On the other 
hand, the reference-weight objects were unconstrained objects. We assumed that the constraint in lifting might affect the 
accuracy and reliability of the relationships between the actual and perceived weights of the power-assist-lifted objects.  
   To cross-check this issue, we conducted another allied experiment. We made two objects with identical appearance. 
One was lifted by humans in constrained condition, another was lifted in unconstrained condition, and weight perception 
between the two conditions was compared. The results showed that weight perception for constrained lifting was not much 
different from that for unconstrained lifting, which validated the psychophysical relationships between the actual and 
perceived weights for the power-assist-lifted objects, and also confirmed the accuracy of the relationships. Finally, we 
proposed to use the findings to develop power assist robotic systems for manipulating heavy objects in industries that would 
improve interactions between the systems and their users.   
2. Materials and methods 
2.1 Power assist robot system 
2.1.1 Configuration 
     We made a 1DOF (vertical up-down motion) power assist system for lifting objects using a ball screw assembly actuated 
by an AC servomotor (Yaskawa, type: SGML-01BF12).The ball screw and the servomotor were coaxially fixed on a metal 
plate and the plate  was vertically attached to a wall. We made three rectangular objects (boxes) by bending aluminum 
sheets (thickness: 0.5 mm) to lift them with the assist system and these objects were named the power-assisted objects 
(PAOs). Dimensions (length x width x height) of the boxes  (PAOs) were 6 x 5 x 8.6cm, 6 x 5 x 12cm and 6 x 5 x 16cm for 
the small, medium and large size respectively. Top side of each PAO was covered with a cap made of aluminum sheet 
(thickness: 0.5 mm).The bottom and back were open. Self-weight of each box was about 13g on average.  
     A PAO could be tied to the ball nut of the ball screw through a force sensor (foil strain gauge type, NEC Ltd.) and be 
lifted by a human. The PAO tied to the force sensor was kept on a soft surface on a table before it was lifted by the human. 
Configuration of the assist system with a PAO is shown in Fig.1. Experimental setup of the assist system is shown in Fig.2.  
2.1.2 Dynamics and control  
     As shown in Fig.3, a PAO is to be controlled by the targeted equation of motion as Eq. (1). To introduce weight 
perception in dynamics of the robotic system, we hypothesized Eq. (1) as Eq. (2), where݉ଵݔሷௗreferred to inertial force and  
݉ଶ݃  referred to gravitational force component of the load force.    
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                                                                                                  (a)                                                                   (b) 
Fig.1 The power assist system with a PAO. (a) shows the main power assist device, back of a PAO (medium size) is shown as an example.  (b) shows that 
a subject grasps the PAO to lift it. 
 
Fig.2  Experimental setup of the  1-DOF power assist system for lifting objects. A noise filter (type: LF-205A) was also connected to prevent electrical 
noises. 
݉ݔሷௗ ൅ ݉݃ ൌ ௛݂Ǥሺͳሻ 
݉ଵݔሷௗ ൅ ݉ଶ݃ ൌ ௛݂Ǥሺʹሻ 
       In Eq. (2), ݉ଵand ݉ଶ are masses, where  ݉ଵ formed inertial force and ݉ଶformed gravitational force. A difference 
between ݉ଵand ݉ଶ was considered because there was a difference between perception and reality regarding the weight of 
the object lifted with the power assist system. Usually, ݉ଵ ൌ ݉ଶ ൌ ݉  is considered for psychological tests [2], but we 
hypothesized that  ݉ଵ ് ݉ଶ,݉ଵ ا ݉ǡ ݉ଶ ا ݉, and ݉ଵݔሷௗ ് ݉ଶ݃ should be considered by the subject while lifting an object 
with the power assist system. The subject errs when lifting an object with the power assist system because he/she considers 
that the actual weight and the perceived weight (named power-assisted weight, PAW) are to be the same. This error results 
in excessive load force that jeopardizes the performances of the system. The hypothesis means that the subject errs because 
he/she considers that the two ‘masses’ used in inertial and gravitational forces are equal to the actual mass of the PAO (i.e., 
݉ଵ ൌ ݉ଶ ൌ ݉ሻ. In order to realize a difference between actual weight and PAW, the subject needs to think that the two 
‘masses’ used in inertial and gravitational forces are different and are less than the actual mass (i.e., ݉ଵ ് ݉ଶ , ݉ଵ ا
݉ǡ ݉ଶ ا ݉) . Then, we derived Eqs. (3) ~ (5) following Eq.(2).       
ݔሷௗ ൌ
ଵ
௠భ
ሺ ௛݂ െ ݉ଶ݃ሻǤሺ͵ሻ        
                 ݔሶௗ ൌ ׬ݔሷௗ ݀ݐǤሺͶሻ        
                                    ݔௗ ൌ ׬ݔሶௗ ݀ݐǤሺͷሻ   
     The power-assist control based on Eqs.(3) ~ (5) was developed as shown in Fig.4 as a block diagram. If the power assist 
system is simulated using Matlab/Simulink in velocity control mode of the servomotor, the command velocity (ݔሶ௖) to the 
servomotor is to be calculated by Eq. (6) that can be fed to the servomotor through a D/A converter. The servodrive is to 
generate control law based on error displacement (xd-x) following velocity control with position feedback.  
ݔሶ௖ ൌ ݔሶௗ ൅ ܩሺݔௗ െ ݔሻǤሺ͸ሻ 
2.2 Reference-weight objects 
      We also made three objects (boxes) of different sizes-large, medium, small by bending aluminum sheets (thickness 
0.5mm). These objects were lifted manually and were named the manually lifted objects (MLOs). Dimensions, shape, 
material and appearance of a MLO of a particular size were same as that of the PAO of that particular size. It was possible 
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to change the weight of the MLO by attaching extra masses to the back side of the box. The MLOs were used as reference 
weights to estimate the perceived weights of the objects lifted with the power assist system. Figure 5 shows the MLOs. 
 
Fig.3 Dynamics when a human subject lifts a PAO with the power assist system. 
 
Fig.4 Block diagram of the control of the power assist system. Here, G denotes feedback gain, D/A indicates D/A converter and ݔ denotes actual 
displacement. Feedback position control is used with the servomotor in velocity control mode. 
    
Fig.5 The MLOs. The left photo, from left to right, shows the fronts of the large, medium and small MLOs respectively. The right photo, from left to right, 
shows their backs. The extra mass attached to back of each object is shown. The extra mass helps change the weight of the object while keeping the 
appearance (front view) unchanged. 
 
2.3 Constrained and unconstrained objects 
     We made two objects (hollow metal cylinders- hollow cylinder 1 and hollow cylinder 2) with identical appearance. The 
cylinders are shown in Fig.6 (a) and their details are presented in Table 1. A solid metal stick (height: 13cm, diameter: 2cm) 
was made and vertically fixed on a table as shown in Fig.6 (a). The hollow cylinder 2 was vertically placed on the table and 
the metal stick was inside the cylinder as shown in Fig.6 (b). This arrangement restricted the movement of cylinder 2 along 
horizontal direction and thus made it a constrained object. The constrained object could be moved (lifted) only along 
vertical direction. The hollow cylinder 1 was vertically placed on the table as shown in Fig.6 (b) and there was nothing 
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inside it. Hence, it was an unconstrained object and it could be moved along horizontal and vertical directions. The 
constrained and the unconstrained objects were put on the same table and were very close to each other (Fig.6 (b)). 
 
                                
                                                                  (a)                                                                                                           (b) 
Fig.6. Configurations of constrained and unconstrained objects. 
Table 1. Details of constrained and unconstrained objects. 
Items Constrained object Unconstrained object 
Weight  910g 910g 
Height  15cm 15cm 
Diameter (outer) 4cm 4cm 
Diameter  ( inner)  2 .2cm 2.2cm 
 
3. Experiments and results 
3. 1 Experiment 1: estimating relationships between actual and perceived weights for lifting objects with power-assist 
3.1.1 Subjects 
    Fifteen mechanical engineering male students aged between 21 and 30 years performed as the subjects. The subjects 
reported that they were physically and mentally healthy. They did not have any prior experience of this experiment. 
Experiment procedures were instructed to them, but no formal training was arranged. 
3.1.2 Experiment procedures 
    The system shown in Fig.4 was simulated using Matlab/Simulink (solver: ode4, Runge-Kutta; type: fixed-step; 
fundamental sample time: 0.001s) for twelve m1 and m2 sets (Table 2) separately. For each trial, following a demonstration 
by the experimenter, the subject lifted a PAO of a particular size with the system only one time for a m1 and m2 set. The 
experimenter randomly fixed the values of m1 and m2 and strictly maintained the confidentiality. The task required the 
subject to lift the PAO approximately 0.1 meter, maintain the lift for 1-2 seconds and then release the object following a 
demonstration of the experimenter. Then the subject manually lifted a MLO using the right hand alone for reference 
weights. The MLO weight was sequentially changed in a descending order starting from 1.5 kg and ending at 0.1 kg 
maintaining an equal difference of 0.1 kg i.e., 1.5, 1.4…0.2, 0.1kg.The subject thus compared the perceived PAO weight 
(PAW) to that of the MLO (reference weight) and estimated the PAW magnitude following the psychophysical method 
‘constant stimuli’. If the subject could not estimate the PAW properly, the trial was repeated.  All fifteen subjects conducted 
this experiment for each m1 and m2 set for small, medium and large PAO separately. Figure 7 shows the experimental 
procedures. 
 
3.1.3 Experiment results 
We calculated the mean PAWs for each ݉ଵ and ݉ଶ  set for the small, medium and large object separately. Then we 
drew graph for each size of object separately taking the simulated gravitational mass (݉ଶ) of the twelve ݉ଵ and ݉ଶ  sets as 
the abscissa and the mean PAWs for the twelve ݉ଵ and ݉ଶ sets as the ordinate. Here, ݉ଶ was assumed as the actual weight 
of the PAO. The relationships between the actual weights and the PAWs for the large size object are shown in Fig.8.The 
Constrained 
object 
(Cylinder 2) 
Unconstrained 
object  
(Cylinder 1) 
Cylinder 1 Cylinder 2 
Metal stick 
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relationships for the medium and small size objects were almost same as that for the large size object. We see in the figure 
that the PAW is 0.2 kg for all m1 values when the actual weight is 0.5 kg. Again, the PAW is 0.4 kg for all m1 values when 
the actual weight is 1.0 kg, and so on. We thus estimated that the PAW was 40% of the actual weight.  
     The figure shows that human does not feel the change in m1 i.e., m1  do not affect PAWs. Results for analyses of 
variances (visual object size, subject) analyzed on PAWs for each m1 and m2 set separately showed that variations due to 
object sizes were not significant (F2, 28 <1 for each m1 and m2 set). The reason may be that subjects estimated PAWs using 
haptic cues where visual cues of objects had no influences [2]. Variations among subjects were also found statistically not 
significant   (F14, 28<1 for each m1 and m2 set).  
     The results show that the PAW is 40% of actual weight for lifting an object with a power assist robot. Hence, the applied 
load force should be reduced to 40% of the currently applied load force to optimize the performances of the robot system 
because the excessive load force jeopardizes the system performances [2], [20]. A novel power-assist control is to propose 
to reduce the excessive load force and to improve the system performances [20]. 
 
Table 2. Twelve m1 and m2 sets and their values used for the simulation 
m1 and m2 sets with values 
m1=1.0,m2=1.0 
m1=2.0,m2=1.0 
m1=0.5,m2=0.5 
m1=1.0,m2=0.5 
m1=1.5,m2=0.5 
m1=2.0,m2=1.5 
m1=0.5,m2=1.0 
m1=1.5,m2=1.5 
m1=0.5,m2=1.5 
m1=1.0,m2=1.5 
m1=1.5,m2=1.0 
m1=2.0,m2=0.5 
 
Fig.7 Experiment procedures. A subject lifts the PAO (A) and compares its weight to that of the MLO (B). The power assist system is covered with a cloth 
except the PAO to eliminate any visual difference between the PAO and the MLO. 
 
 
Fig.8 Linear psychophysical relationships between actual weights and perceived weights (power-assisted weights, PAWs) for lifting the large size object. 
The figure shows that humans do not feel the change in inertia mass (m1) i.e., m1 do not affect weight perception. 
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3.2 Experiment 2: investigating distinction in weight perception between constrained and unconstrained lifting 
3.2.1 Objective 
     In experiment 1, the PAW was found 40% of actual weight. However, the PAO was a constrained object i.e., the PAO 
was tied to the force sensor (Fig.3). On the other hand, the MLO (reference weight) was an unconstrained object (Fig.7). 
The MLO could be moved along horizontal and vertical directions. On the other hand, the PAO could be moved only along 
the vertical direction. Hence, there might be a misalignment with weight comparison between the constrained (PAO) and 
the unconstrained object (MLO) that might affect the accuracy and reliability of the relationships between the actual weights 
and the PAWs. Hence, the objective of experiment 2 was to investigate any difference in weight perception between 
constrained and unconstrained lifting of identical objects, and then to validate the relationships estimated in experiment 1. 
3.2.2 Subjects 
The subjects conducted experiment 1 also conducted experiment 2. 
3.2.3 Experiment procedures 
     Each subject lifted the constrained object as shown in Fig.9 (a). The task required the subject to lift the object 
approximately 0.1m, maintain the lift for 1-2 seconds and then release the object. The subject then lifted the unconstrained 
object following the same procedure as employed for the constrained object. See Fig.9 (b). Each subject lifted objects 
several times for several protocols such as the subject grasped (and lifted) the object at three distinct positions separately as 
follows: (i) at the centre of the object, (ii) at the upper end, (iii) at the lower end. Again, for each position, the subject used: 
(i) power grip, (ii) 3-finger grip. Thus the subject compared the perceived weight of the constrained object to that of the 
unconstrained object for each trial. The weight of the unconstrained object was considered as the reference weight and its 
weight was assumed as the 100%. The subject estimated the perceived weight of the constrained object comparing it to the 
reference weight. The subject was asked: 
If the reference weight (unconstrained object weight) is assumed as 100%, then what is the % for the perceived weight of 
the constrained object compared to the reference weight?  
    The experiment was conducted by all subjects separately. Subject’s response regarding the perceived weight of the 
constrained object was recorded for each trial separately. 
 
 
(a)                                                    (b) 
Fig.9. Lifting constrained and unconstrained objects by a human subject. 
3.2.4 Experiment results 
       Responses of subjects (for eight subjects out of fifteen selected randomly to partly present the entire scenario) regarding 
the perceived weight of the constrained object in comparison with that of the unconstrained object for different experiment 
protocols are shown in Table 3. We see that the variation in the perceived weight of the constrained object with respect to 
the reference weight is not more than 10%. However, a subject needs more than a 10% difference in perceived weights to be 
able to discriminate between the weights of two objects [21]. The results show that weight perception for constrained lifting 
does not vary much in comparison with that for the unconstrained lifting of the same object. The reasons may be that:  (i) 
the total efforts for lifting the constrained object do not vary too much in comparison with that for the unconstrained object 
[22], (ii) object’s visual cues were the same for both objects that resulted in similar weight perception, (iii) the inner metal 
stick did not touch the inner surface of the constrained object, hence the grip and the load force requirements did not vary 
between the constrained and the unconstrained lifting that resulted in similar weight perception, (iv) human’s haptic cues, 
grasping method, posture, hand stiffness etc. did not vary between the constrained and the unconstrained lifting etc.[22]. 
The results thus validate the relationships between actual and perceived weights derived in experiment 1 and also confirm 
Constrained 
object 
Unconstrained 
object 
Unconstrained 
object 
Constrained 
object 
Metal stick
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the accuracy and reliability of the relationships. 
    Again, perceived weight for grasping at upper end or at lower end is more than that for grasping at the centre of the 
object. The reason may be that gravity is sensed more intensely when grasped either at lower or at upper end than grasped at 
the centre. Similarly, the 3-finger grasp produced higher perceived weight than the power grip. The similar reason applies 
for this that the gravity is sensed more intensely when grasped with 3-fingers than when grasped with power grip [22].   
Table 3. Estimated perceived weight of the constrained object in comparison with the reference weight for different experiment protocols. 
Subjects Weight of 
unconstrained 
object (reference 
weight) 
Estimated perceived weight of the constrained object 
Grasped at centre Grasped at  upper end Grasped at  lower end 
Power grip 3-finger grip Power grip 3-finger grip Power grip 3-finger grip 
1 100% 95% 100% 105% 110% 105% 110% 
2 100% 100% 105% 105% 110% 105% 110% 
3 100% 95% 100% 105% 110% 105% 110% 
4 100% 100% 100% 105% 105% 105% 105% 
5 100% 100% 105% 110% 110% 110% 110% 
6 100% 105% 110% 110% 110% 110% 110% 
7 100% 95% 100% 105% 110% 105% 110% 
8 100% 95% 105% 105% 105% 105% 105% 
 
4. Discussion 
      The psychophysical relationships between actual weights and PAWs derived in this paper are subjective and empirical 
instead of objective. Nevertheless, the subjective evaluation is to be reliable because subjective evaluations in technical 
domains have already been proven efficacious in many cases [23]-[24].Objective relationships based on mathematical 
reasoning could enhance the reliability of the relationships. However, reliability of the results may be further increased by 
adding more reference weights in the reference weight series and by increasing the number of subjects and trials.  
     The effectiveness and reliability of the results may be increased by replacing the ball screw by a linear or a direct-drive 
motor. In this paper, the servomotor was kept in velocity control mode. Another mode, torque control mode, may be tested 
to further justify the repeatability, accuracy and validity of the relationships. Again, the findings do not violate the well-
established size-weight illusion because the objects of different sizes were lifted independently [25].  
      The values of m2 used in this paper do not mean the actual masses of objects to be handled in industrial practices; rather 
they mean the values that should be used in control program for getting satisfactory performances [20]. We used low 
simulated weights (m2=0.5 kg) to adjust with human requirements such as naturalness, best feelings etc. and to compare to 
other psychological test results [2], [25]. 
     The objective of experiment 1 was to estimate psychophysical relationships between actual and perceived weights for 
lifting objects with power-assist, and the objective of experiment 2 was to validate the relationships and confirm its 
reliability. Estimation methods of weight perception between the two experiments were slightly different; however, the 
results were sufficient to satisfy the objectives of the experiments. 
5. Conclusions and future works 
    We developed a 1 DOF power assist robot system to lift objects of different sizes with it. We conducted two independent 
experiments. In the first experiment, we established relationships between actual and perceived weights for the objects lifted 
with the power assist system following psychophysics. We found that the perceived weight was 40% of actual weight. The 
relationships may help determine appropriate control system for the power assist robot reflecting human characteristics that 
may enhance human-friendliness of the human-robot system in terms of safety, maneuverability, naturalness etc. In the 
second experiment, we validated the relationships between actual and perceived weights derived in experiment 1 and also 
confirmed the accuracy and reliability of the relationships. The findings can be used to develop power assist devices for 
manipulating heavy objects in real applications in industries.  
     We will use the findings to determine an appropriate control method to reduce the excessive load forces and to optimize 
the performances of the power assist system for manipulating objects. We will verify the relationships using heavy objects 
and real robots for fast speed and longer displacement. Object motions for experiments 1 and 2 will be considered and 
compared. Experiments in torque control mode of the servomotor will be conducted to verify the relationships. The robotic 
system will be upgraded to a real multi-DOF power assist system. 
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